We observed endocytosis in real time in stimulated frog motor nerve terminals by 21 imaging the growth of large membrane infoldings labeled with a low concentration of 22 FM dye. The spatial and temporal information made available by these experiments 23 allowed us to image several new aspects of this synaptic vesicle recycling pathway. 24
subsequently budding into many single vesicles (Koenig & Ikeda, 1989; Takei et al., 49 1996) . Cisternae, observed in fixed frog motor nerve terminals after intense stimulation 50 (Heuser & Reese, 1973) , bud into synaptic vesicles over a period of several minutes 51 (Richards et al., 2003) . 52 53 Attempts to distinguish bulk endocytosis in live cells have relied on uptake of large 54 dextrans (too large to be taken up by single vesicle endocytosis; Teng et al., 2007; 55 Clayton et al., 2008) or by comparing the washout of FM 1-43 versus the less lipophilic 56 FM 2-10 ( Richards et al., 2000; Clayton & Cousin, 2008) . Because FM dye washout is 57 concentration-dependent, and the mechanism behind the washout is not completely 58 understood (Clayton & Cousin, 2008) , and because FM dye will not wash out of cisternae 59 already fully internalized before the wash, the FM dye technique leads to an imperfect 60 separation of bulk versus other types of endocytosis. Both the dextran labeling method 61 and the FM dye method also lack temporal precision due to extensive washing steps. 62
Finally, when bulk endocytosis is specifically disrupted, a reduction of dextran uptake or 63 the absence of an FM 1-43 and FM 2-10 difference does not necessarily provide details 64 on which step in bulk endocytosis was disrupted; possibilities include loss of membrane 65 internalization altogether, failure to internalize the cisternae, or the inability of cisternae 66 to bud into synaptic vesicles. Further investigation of these aspects often requires many 67 washing and fixing time points in order to capture the full bulk recycling process (cf. 68 Teng et al., 2007) . 69 70 Recently we used low concentrations of FM dye to identify the locations of prominent 71 endocytosis in mouse motor nerve terminals during high frequency stimulation (Gaffield 72 et al., 2009a ). Here we have extended this technique to frog motor nerve terminals where 73 we have identified and characterized fluorescent structures, similar to tubule-like 74 cisternae in appearance, that formed near sites of synaptic vesicle clusters during nerve 75 stimulation. We took advantage of the real-time measurement to investigate temporal 76 aspects of bulk endocytosis. For example, large infoldings grew at a faster rate during 77 higher frequency stimulation, but the ending length remained the same at different 78 frequencies. We also triggered fluorescent spots with short, repeated trains, and observed 79 that each spot grew only during some of the trains. In addition, we show that imaging FM 80 dye uptake during stimulation can be used to examine whether factors such as actin or 81 (v/v). FM 1-43 and FM 2-10 were purchased from Invitrogen (Carlsbad, CA) and 99 dissolved in water at 1 mg/ml. FM 1-43 was added directly to the chamber to a final 100 concentration of 0.5 μM. This low concentration of FM 1-43 was selected to reduce the 101 fluorescence intensity of the terminal membrane in pre-stimulation images, to minimize 102 phototoxicity, and because higher concentrations of FM dyes might interfere with 103 membrane fusion (Zhu & Stevens, 2008) . Preliminary experiments with higher dye 104 concentrations were not successful. FM 2-10 was used at a concentration of 5 μM, well 105 below that reported to washout of infoldings in frog terminals (24 µM; Richards et al., 106 2000 (F post-stimulation -F pre-stimulation ). Then we identified all local peaks (pixels brighter than all 129 eight surrounding pixels). The peaks were sorted by intensity, then, starting with the 130 brightest peak, we identified all connected pixels with at least 75% of the peak's 131 intensity. The resulting pixel grouping became the first spot. This process continued for 132 all of the peaks. If any pixels in a grouping overlapped with another spot (having a 133 brighter peak intensity) then the spot was excluded. Finally, any spots that comprised 134 fewer than three pixels were excluded from further analysis. We refer to the fluorescent 135 structures (likely cisternae) that appeared during stimulation as FM 1-43 spots. After a 136 >30 minute washing step we observed a different pattern to the fluorescence, one that 137 reflected the complete recycling of membrane back into small synaptic vesicles, mostly 138 maintained in vesicle clusters (Betz et al., 1992) . Therefore, we call the fluorescent 139 structures after the washing step synaptic vesicle clusters. To calculate the spot-to-140 synaptic vesicle cluster distance, the center of mass of each fluorescent spot or cluster 141 was calculated, then the distance from each spot to the nearest cluster was measured. For 142 the spot washout experiments spots were located before and after the wash using our spot 143 finding routine. In cases where a spot was not present after the wash, we confirmed the 144 washout by eye. In about 5% of cases, the spot finding routine missed spots after the 145 wash (usually due to a bright spot nearby), and we corrected accordingly. The time 146 course of FM 1-43 spot dispersion was estimated using linear fits to the recovery phase. 147
Laterally growing spots were defined as spots that originated at the terminal membrane, 148 grew away from the membrane while still maintaining membrane contact, and were 149 clearly distinguishable from surrounding structures. For multi-train experiments, the 150 spots were less intense than after long trains, so the spots included connected pixels with 151 at least 85% of the peak's intensity. To calculate the destain fraction, the fluorescence 152 intensity of synaptic vesicle clusters was measured before and after a 300 s, 30 Hz 153 stimulation, then the terminal background was subtracted before calculating the fraction 154 of dye lost. In some cases the background subtraction resulted in destain fractions below 155 zero, indicating that fluorescence lost during destaining resulted in final intensities below 156 background. The same vesicle cluster regions of interest were used to calculate the 157 fluorescence uptake and destain fraction shown in Figure 1C (Slater, 2008) , we estimated that about 52 of these spots 180 would be observed in a typical terminal during 30 Hz stimulation. We re-imaged the 181 terminal after a >30 minute washing step and observed that the fluorescence pattern had 182 changed ( Fig. 1A , middle right panel) to one that resembled synaptic vesicle clusters 183 typically observed in frog motor nerve terminals (Betz et al., 1992) . We interpreted this 184 change as reflecting the recycling of cisternae into synaptic vesicles, a several-minute 185 process that has been well characterized using electron micrographs of fixed preparations 186 (Richards et al., 2003) . To determine how far membrane in spots moved to reach vesicle 187 clusters, we calculated the distances of the centers of mass from the initial spot to the 188 nearest synaptic vesicle cluster identified after the washing step ( Fig. 1B) . On average, 189 spots formed 0.96 ± 0.10 μm from the center of synaptic vesicle clusters (118 spots from 190 7 terminals). Because both spots and clusters averaged about 1.0 μm in diameter, the 191 majority of spots overlaid a portion of a synaptic vesicle cluster. Note that none of the 192 spots had a nearest cluster distance in the 0-0.25 μm bin, suggesting that spots did not 193 form and/or grow in the middle of vesicle clusters. 194
195
We quantified the uptake of FM dye into synaptic vesicle cluster locations during the 196 loading phase and found that all synaptic vesicle cluster areas increased in fluorescence 197 ( Fig. 1C ). Next, after the washing step, we stimulated the terminals again at 30 Hz for 198 300 s in order to release FM 1-43 out of exocytosing vesicles. As illustrated in Figure 1A Quantification of 20 representative vesicle clusters, shown in Figure 1D , confirms that all 201 clusters lost at least some fluorescence. On average, the destain amount from 4 terminals 202 was 70 ± 5%. 203
204
In order to confirm that the large structures had become endocytosed, we tried to wash 205 the FM dye out of the spots. Since FM 2-10 can be rinsed out of infoldings still open to 206 the synaptic cleft much more completely than FM 1-43 (Richards et al., 2000) , we 207 switched to FM 2-10 for these experiments. We stimulated FM spots as before, waited 208 one minute after stimulation, then washed the FM 2-10 out of the bath. Figure 2A  209 illustrates one example of this wash. Fluorescent spots that grew during stimulation 210 (difference panel) remained in place after the wash (wash panel). On average, we 211 calculated that 93.5 ± 1.1 % of all spots were still identifiable after the wash (265 total 212 spots from 6 muscles), confirming that those spots were fully internalized. We also 213 confirmed the conversion of spots into vesicles with a destain ( Fig. 2A, right panel) . We 214 observed other indications that the FM spots were ultimately internalized. For example, 215 we could track FM 1-43-labeled spots through wash and recovery as they changed in 216 shape, size, and location ( Fig. 2B , Supplemental Movie 1). In summary, these data 217 confirm that we can image FM dye uptake into terminals and that some FM dye 218 internalization occurred via large structures that subsequently budded into functional 219 synaptic vesicles. 220
221
Frequency-dependence of cisternae-like spots.
We next examined the frequency-dependence of spot growth by stimulating FM 1-43 223 uptake at two different frequencies, 10 Hz and 30 Hz, both for 60 s, resulting in 600 and 224 1800 shocks respectively. First, we quantified spot growth using fluorescence intensity as 225 an indicator. Figure 3A shows that spots started to appear quickly during both 10 Hz and 226 30 Hz stimulation (within 2 seconds) and continued to grow up to the end of stimulation. 227
We identified the onset of each spot's appearance as the time at which its fluorescence 228 intensity exceeded three standard deviations above pre-stimulation levels. Figure 3B  229 shows that while spots seemed to appear faster at 30 Hz (6.1 s, 79 spots) than at 10 Hz 230 (8.6 s, 45 spots), these values were not significant (p = 0.08). Some spots did not appear 231 until late into the stimulation train. Immediately after stimulation ended, growth ceased 232 and the spots started slowly to disappear. Figure 3C shows the spot disappearance rates. 233
On average, spots appearing during 10 Hz stimulation dispersed with a half-time of 250 s 234 while those appearing during 30 Hz stimulation dispersed with a half-time of 310 s; these 235 values were not significantly different (p = 0.56). These spot disappearance time values 236 are similar to those shown for the cisternae-to-vesicle process calculated in frog motor 237 nerve terminals fixed at multiple time points after a similar 30 Hz, 60 s stimulation 238 (Richards et al., 2003) , indicating that FM 1-43 spots are most likely labeled cisternae 239 that bud into small synaptic vesicles over time. 240 241 Most spots were more or less round, but occasionally they extended in a plane that 242 revealed lateral growth. Overall 10/12 terminals studied had these laterally growing spots 243 with about 1.9 spots per terminal. Figure 4 shows a few of these growths in time series 244 images. When viewed in movies (Supplemental Movies 2-6), the growing elongated 245 structures are even more evident. We observed lateral views for several spots during both 246 10 Hz and 30 Hz stimulation and quantified the growth rate and the length reached. 247
During 30 Hz stimulation, spots grew at a rate of ~116 nm/s to a full extent of ~1000 nm 248 (8 spots from 6 terminals). During 10 Hz stimulation, spots grew at a rate of ~57 nm/s to 249 a full extent of ~1000 nm (8 spots from 4 terminals). The growth rates were significantly 250 different (p < 0.05). 251
252
In snake motor nerve terminals, bulk endocytosis occurs across a broad range of 253 stimulation frequencies (0.3 -30 Hz; Teng et al., 2007) . We wondered whether we would 254 still see FM spots at lower frequencies as well. We stimulated the terminals at 2 Hz for 60 255 s, a stimulation that will release about one-third the vesicles as a 30 Hz stimulation of the 256 same duration (Richards et al., 2003) . Similar to the snake preparation, we did observe 257 spots at lower frequencies, although only about one-tenth of the number observed after 30 258
Hz stimulation. Therefore, spots can be triggered with both low and high frequency 259 stimulation. 260 261 FM 1-43 spots respond heterogeneously during multiple short trains. 262
With the additional temporal information available to us with this technique, we sought to 263 track spots during much shorter trains (2 s, 30 Hz) delivered at different intervals. We 264 could observe not only bulk uptake, but also whether spots would respond consistently to 265 each stimulus train. To our surprise, spots grew only during a portion of the trains. showing only a fraction of the total spots triggered during the trains. Figure 5A shows 268 trains started 5 s apart while Figure 5B shows trains delivered 10 s apart. Some spots 269 grew during many consecutive trains, while some spots went quiet for a few trains before 270 growing again, still others only appeared late in the train series but responded during 271 back-to-back trains. 272
273
We tracked many spots for two different intertrain interval times (5 s and 10 s) for a 274 duration of ten trains. Overall, each spot responded to 3.6 ± 0.3 out of 10 trains for 5 s 275 intervals (46 spots) and 3.6 ± 0.2 out of 10 trains for the 10 s intervals (41 spots). For 276 each train interval, about 70% of spots responded during at least two consecutive trains. 277
We looked for a pattern to the spot responses and observed two trends. First, spots were 278 more likely to respond during the earlier trains than the later trains (Fig. 6A) , and second, 279 the fluorescence rise in a spot during a train was higher during earlier trains than later 280 trains ( Fig. 6B ). However, when it came to individual spots, the pattern appeared 281 unpredictable. For example, the average fluorescence change in responding spots was not 282 significantly different between spots that had or had not responded during the next or the 283 previous trains. In fact, the total fluorescence rise in a spot at the end of the train series 284 did not correlate with the number of times a spot had responded during a train (Fig. 6C) . filaments would be required for normal spot growth. We added 15 μM latrunculin A to 293 our bath solution for one hour, an incubation shown to disrupt β-actin immunostaining in 294 frog motor nerve terminals (Richards et al., 2004; Gaffield et al., 2006) . We then 295 stimulated the terminals for 60 s at 30 Hz. As shown in Figure 7A , spot growth -296 including the elongated spots -was visible in latrunculin-treated terminals. Quantification 297 of spot fluorescence confirmed that spots grew similarly in control and latrunculin-treated 298 terminals ( Fig. 7B ). Spot density (0.054 ± 0.008 spots/μm 2 and 0.057 ± 0.007 spots/μm 2 299 for control and latrunculin-treated respectively) was not significantly different. 300 301
Phosphatidyl inositol-3-kinase plays a role in FM 1-43 spot growth. 302
Inhibition of phosphatidyl inositol-3-kinase (PI3-kinase) has been shown to disrupt the 303 uptake of FM 1-43 and create large intracellular multivesicular membrane structures in 304 stimulated frog motor nerve terminals (Rizzoli & Betz, 2002; Richards et al., 2004) . 305
Here, we applied 1 μM wortmannin for one hour, then stimulated the terminals for 60 s at 306 30 Hz. We expected wortmannin to produce considerable changes in spot growth, but as 307 shown in Figure 8 , the changes were subtle. For example, the rising phase of spot growth 308 was faster in the presence of wortmannin (initial 20 s slope of 0.0054 ± 0.0006 for 309 wortmannin and 0.0037 ± 0.0003 for controls; p < 0.05, 44 and 79 spots respectively). In 310 addition, the decay in wortmannin was both faster (τ = 16.7 s compared to half-times near 311 5 minutes for controls, Fig. 3C ) and less complete than in controls suggesting that 312 whatever spot dispersion occurred after stimulation did so quickly before stopping. 313
Discussion 315
316
We have imaged endocytosis of large membrane structures in frog motor nerve terminals. 317
Real time imaging provided information on the number of bulk endocytosis sites, 318 infolding growth rates, and cisternae dispersion rates. While we can not rule out that 319 some small portion of the fluorescence uptake in the FM spots resulted from single 320 vesicle endocytosis (each one too dim to be resolved), multiple lines of evidence support 321 our classifying the FM 1-43 spots as sites of bulk endocytosis. First, the size and shape of 322 the structures shown in Figure 4 are consistent with shapes of infoldings expected in frog 323 motor nerve terminals (Miller & Heuser, 1984) . Second, FM 2-10, shown to wash out of 324 accessible infoldings but retained in endocytosed cisternae (Richards et al., 2000) , could 325 not be washed out of the spots, indicating that the infoldings had been endocytosed. We also used this technique to image bulk endocytosis site use during repeated short 366 trains. Quite unexpectedly, we observed that spots did not grow during each train, but 367 rather grew only during a portion of the trains, often not responding significantly for one 368 or more trains before growing again. Other techniques such as capacitance recording 369 would have missed this observation because bulk endocytosis sites can not be 370
individually tracked in such experiments. What triggers a spot to grow during one train, 371 rest during the following, and grow again during another train? One possibility is the 372 local amount of exocytosis. We hypothesize that the amount of exocytosis plays a role in 373 triggering bulk endocytosis. If the exocytosis level at a specific active zone is high during 374 one train, but low during the next, bulk endocytosis may be required during the first train 375 and unnecessary during the next. Other possible causes of the heterogeneity may include 376 the availability of the nearby endocytic apparatus, or potentially other local signaling 377 events such as calcium levels. Combining our FM dye uptake measurements with 378 monitoring of fluorescently tagged endocytic proteins or intraterminal calcium levels 379 could provide more insight into this interesting phenomenon. 380
381
We were able to measure both the number and amount of membrane internalization via 382 bulk endocytosis, along with the time course of cisternae dispersion. Disrupting actin filaments with latrunculin A had no effect on any of these steps (Fig. 7) , despite contrary 384 expectations (Richards et al., 2004) . Possibly the spots we identify with FM 1-43 are the 385 largest of the cisternae-like structures and still function independently of actin. 386
Alternatively, a step disrupted by actin occurs later in the recycling pathway and was 387 missed in our experiments. Of note, the major structural changes in frog motor nerve 388 terminals reported in electron micrographs occurred after a 5 minute, 30 Hz stimulation 389 (Richards et al., 2004) , much longer than our stimulation protocol. We observed very 390 little FM 2-10 washout in our experiments suggesting that at least the infoldings that 391 grew during stimulation were internalized very quickly (< 1 minute). An alternative type 392 of infolding may grow later into or after a stimulation train. In fact, approximately half of 393 all cisternae are internalized after stimulation ends (Richards et al., 2000;  in snake motor 394 nerve terminals this value is 25%; Teng et al., 2007) . In the future, when combined with 395 an effective and rapid solution exchange protocol, our method could be used to 396 characterize and sequence the full, several minute process of endocytosis. 397
398
We were able to identify differences in spots after disrupting PI3-kinase ( Fig. 8) . We 399 used a relatively high concentration of wortmannin (1μM) in order to get the complete 400 ; however, this kinase has not been implicated in 403 bulk endocytosis in motor nerve terminals. Meanwhile, PI3-kinase has been implicated as 404 a factor that directly interacts with clathrin coats during clathrin-mediated endocytosis 405 and may even be activated by clathrin (Domin et al., 2000; Slepnev & De Camilli, 2000; Gaidarov et al., 2001; Wheeler & Domin, 2006) , although the exact mechanism that 407 might trigger PI3-kinase during nerve activity is unknown. The larger fluorescence 408 increase during stimulation that we observed suggests that more membrane was 409 internalized per spot; consistent with the layered membrane structures observed in 410 electron micrographs after intense stimulation of wortmannin-treated terminals (Richards 411 et al., 2004) . We also observed a difference in the recovery phase after the end of 412 stimulation, indicating that spots either moved or dispersed very quickly. However, the 413 recovery was very incomplete; therefore, much of the membrane in the FM 1-43 spots 414 may not recycle completely back into synaptic vesicles. This result would be consistent 415 with previous published results of PI3-kinase inhibitors (Rizzoli & Betz, 2002; Richards 416 et al., 2004) . Richards and co-authors (2004) speculated that wortmannin's action was 417 similar to latrunculin's and therefore indicated an actin-dependent block of the bulk 418 endocytic pathway. We observed a difference between latrunculin and wortmannin in our 419 experiments. Latrunculin, but not wortmannin, disrupts evoked release during high 420 frequency stimulation in frog motor nerve terminals (Richards et al., 2004 ; although this 421 difference may not exist in some other nerve terminal preparations; Srinivasan et al., 422 2008) . Therefore, the reduced fluorescence intensity of latrunculin-treated terminals 423 compared to wortmannin-treated terminals possibly resulted from reduced total 424 exocytosis and thus reduced surface membrane in the former. We could further test for 425 any role of actin in bulk endocytosis by adding jasplakinolide, an actin stabilizing 426 protein; however, jasplakinolide's effects on exocytosis would also have to be tested. 427
Alternatively, wortmannin's effects could be independent of an effect on actin filaments. 428
Potentially, differences between actin disruption and PI3-kinase disruption were missed 429 with fixed time point data, while our real-time observations were able to discover a clear 430 difference in multiple segments of the bulk endocytosis pathway. This possibility may 431 also apply to retinal bipolar cells where PI3-kinase and actin were shown to disrupt 432 dextran and FM dye loading (Holt et al., 2003) . 
